To investigate the effect of single versus dual inoculation of peas (Pisum sativum L.) with Rhizobium leguminosarum biovar viceae and Penicillium bilaji (a soil fungi capable of solubilizing soil P) on N 2 fixation an experiment was carried out under controlled conditions. A sandy loam soil was selected which contained low levels of available N and E P fertilizer [Ca(HEPO4)2] and P. bilaji significantly increased dry matter production. Peas inoculated with R. leguminosarum showed only a small increase in dry matter, but the additional application of P significantly increased the yield. The total N accumulation was highly dependent on the presence of R. leguminosarum. Using the ~15N method for estimating N 2 fixation, the highest level of N2-fixing activity was observed in peas inoculated with R. leguminosarum and fertilized with inorganic E Dual inoculation of peas with R bilaji and R. leguminosarum significantly decreased the amount of N 2 fixed. Total P uptake was solely dependent on the P fertilizer.
Soil microorganisms play an important role in organic matter decomposition and in the mineralization and release of nutrients vital for optimal plant growth. Important groups of microorganisms, e.g., bacteria, actinomycetes, and several groups of fungi, may release P from less available into more available forms (Sperber 1958a) . Because legumes not only require P for plant growth but also for symbiotic N 2 fixation, microbially mediated P release may increase the yields of N2-fixing grain legumes where the P availability is low.
A free-living soil fungus, P. bilaji, which has recently been isolated, is capable of releasing P into a more availOffprint requests to: Ch. van Kessel able form under both greenhouse and field conditions (Kucey 1987 (Kucey , 1988 Asea et al. 1988; . The grain and straw production from wheat (Triticum sativum L.) was increased by up to 50o70 and the inoculated plants showed significant increases in total P uptake (Kucey 1987) . Beans (Phaseolus vulgaris L.) grown in autoclaved soil and inoculated with P. bilaji and R. phaseoli showed no significant increase in dry matter or total P uptake. It has been argued that vesicular-arbuscular mycorrhizal fungi are necessary to achieve the maximum effect. However, before dual inoculation of legumes with rhizobia and P.. bilaji can be recommended as a management practice, the synergistic effects must be evaluated. To further investigate the effect of P. bilaji on dry matter production, NE fixation, and P uptake by a legume, field peas were grown in a P-deficient soil under controlled environmental conditions and inoculated with R. leguminosarum, P. bilaji, or both.
Materials and methods
A Shellbrook orthic grey black Chernozemic fine sandy loam was collected at Porcupine Plain, Saskatchewan, air-dried, and sieved to pass a 1.0-mm mesh. The soil pH (H20 : soil at 1 : 1 ratio) was 7.3, and NO,-and extractable P were present in concentrations of 5.0 and 4.0 Ixg g-1 soil, respectively. The following treatments were applied: (1) Control (no phosphate, no inoculant), (2) phosphate, (3) P. bilaji, (4) R. leguminosarum, (5) P bilaji + phosphate, (6) R. leguminosarum + phosphate, (7) R. leguminosarum+R bilaji, (8) R. leguminosarum+R bilaji+phosphate, and (9) flax (Linum usitatissiutmum L.)+phos-phate. The inoculants P. bilaji and R. leguminosarum were provided by Philom Bios, Saskatoon, Canada, and RhizoGen, Saskatoon, Canada, respectively. The experimental layout was a randomized, complete block design, replicated four times. P was added at a rate of 100 kg P2Os ha -1 in the form of Ca(H2PO4) 2. The pots, 10cm in diameter and 35 cm deep, were placed in a greenhouse. Throughout the experiment, soil moisture was maintained at 75°70 field capacity by weighing the pots twice a week and adding water as required. Additional artificial light was provided to assure a light intensity of 420 bE m -2 s -1 for 16 h day -1. Three pregerminated seeds were sown in each pot, and the plants were thinned to two per pot 21 days after planting. N 2 fixation was measured by the 51SN method, using flax as the non-N2-fixing reference plant (Bremer and Van Kessel 1990) . All samples were analyzed for 815N on two separate occasions and the average of the two values was used to estimate N 2 fixation.
The plants were harvested 43 days after planting. The shoots and roots were dried at 60 °C to a constant weight, ground to pass a 0.4-ram sieve, and analyzed for total N, atom O7o 15N (Bremer and Van Kessel 1990) , and total P (Thomas et al. 1967) . Statistical analysis of the data was carried out using the Statistical Analysis System (SAS, Cary, NC, USA).
Results and discussion
The application of P fertilizer significantly increased total dry matter by 40% and inoculation with P. bilaji increased the dry matter by 22% over the control (Table 1) . In another study, there was no positive growth response found for beans and the addition of P. bilaji did not increase dry matter or P content (Kucey 1987 ). In the present study, rhizobial inoculation increased the total N accumulation by 44% compared with the uninoculated peas. There was a further 17% increase in total N when P was applied with the rhizobia (Table 1) . However, the inoculated peas showed a decrease in dry matter when P.
bilaji was added to R. leguminosarum. A similar response was observed for total N accumulation; the addition of R bilaji to peas inoculated with rhizobia significantly decreased total N.
The 615N values for Rhizobium-inoculated peas were significantly lower than the values for uninoculated peas. Flax had the highest 615N value of 6.3%0. Flax was chosen as previous work indicated that flax is an appropriate reference plant for estimating N2 fixation by lentils and peas (Bremer and Van Kessel 1990) . Uninoculated peas, however, had lower 615N values compared with the non-N2-fixing reference plant. In the absence of N2 fixation, the 615N values for flax and uninoculated peas should be similar. However, sparse nodulation of the uninoculated peas was observed at the time of the harvest and some N2 fixation apparently had occurred as indicated by the 5t~N value. Some nodules might have been formed by indigenous R. leguminosarum or through possible crosscontamination. The highest percentage and the highest absolute value for total N derived from N2 fixation occurred when the peas were treated with R. leguminosarum and P fertilizer (Table 1) . However, the addition of P. bilaji to peas inoculated with R. leguminosarum significantly reduced the amount of N 2 fixed (Table 1 ). The adverse effect of P. bilaji on N2 fixation may be explained by the mode of action of the fungus. It has been reported that P-releasing fungi produce organic acids which enhance the solubility of phosphate (Sperber 1958 a, b) . However, most rhizobia prefer neutral or alkaline conditions during nodulation and it is well known that acidity has a strong adverse effect on the nodulation process (Munns 1970; Lie 1974 ). The production of organic acids by the fungus might have reduced the rhizosphere pH to such a level that nodulation and Nz fixation were partly inhibited.
The total P accumulation was largely dependent on the application of P fertilizer. The application of P fertilizer alone increased the total P uptake by the peas from 7.1 to 11.1 mg pot -1 (Table 1) . Inoculating the peas with P. bilaji had no effect on the total P accumulation. One possible explanation for the absence of an increased P uptake by the peas inoculated with P. bilaji might be the absence of sufficient rock phosphate, the particular form of phosphate that P.. bilaji is known to be able to solubilize (Asea et al. 1988) . IfP. bilaji is used as a second inoculant, as has been suggested for legumes grown under P-limiting conditions, the apparent negative effects on N 2 fixation should be overcome.
